Nosocomial Candida albicans infections have become a major cause of morbidity and mortality in neonates in neonatal intensive care units (NICUs). To determine the possible modes of acquisition of C. albicans in hospitalized neonates, we conducted a prospective study at Grady Memorial Hospital, Atlanta, Ga. Clinical samples for fungal surveillance cultures were obtained at birth from infants (mouth, umbilicus, and groin) and their mothers (mouth and vagina) and were obtained from infants weekly until they were discharged. All infants were culture negative for C. albicans at birth. Six infants acquired C. albicans during their NICU stay. Thirty-four (53%) of 64 mothers were C. albicans positive (positive at the mouth, n ‫؍‬ 26; positive at the vagina, n ‫؍‬ 18; positive at both sites, n ‫؍‬ 10) at the time of the infant's delivery. A total of 49 C. albicans isolates were analyzed by restriction endonuclease analysis and restriction fragment length polymorphism analysis by using genomic blots hybridized with the CARE-2 probe. Of the mothers positive for C. albicans, 3 of 10 were colonized with identical strains at two different body sites, whereas 7 of 10 harbored nonidentical strains at the two different body sites. Four of six infants who acquired C. albicans colonization in the NICU had C. albicanspositive mothers; specimens from all mother-infant pairs had different restriction endonuclease and CARE-2 hybridization profiles. One C. albicans-colonized infant developed candidemia; the colonizing and infecting strains had identical banding patterns. Our study indicates that nonperinatal nosocomial transmission of C. albicans is the predominant mode of acquisition by neonates in NICUs at this hospital; mothers may be colonized with multiple strains of C. albicans simultaneously; colonizing C. albicans strains can cause invasive disease in neonates; and molecular biology-based techniques are necessary to determine the epidemiologic relatedness of maternal and infant C. albicans isolates and to facilitate determination of the mode of transmission.
The rate of invasive candidiasis has increased substantially over the past decade (3) . Patient populations identified to be at risk for candidemia include those who are immunocompromised because of disease, such as human immunodeficiency virus infection, or underlying conditions, such as malignancy, burns, hematologic disorders, or solid-organ and bone marrow transplantation. Also at risk are very low birth weight infants (birth weight, Ͻ1,500 g) and infants cared for in neonatal intensive care units (NICUs). The most common manifestations of Candida sp. infections in neonates are thrush and cutaneous lesions; however, candidemia in neonates is an increasingly important problem that may be associated with both morbidity and mortality (8, 29) . Prevention of candidemia in neonates has been aided by the identification of specific risk factors (32) . Some of these include the rate of colonization, which is higher in pregnant women than nonpregnant women (19) , decreased T-cell, macrophage, and neutrophil function (4, 9, 33) , use of peripheral venous catheters (15) , and the presence of necrotizing enterocolitis (26) . Prolonged hospitalization, use of broad-spectrum antimicrobial agents, low birth weights, use of central, arterial, and venous catheters, and prolonged parenteral nutrition have also been identified as risk factors for neonates (1, 2, 12) .
While specific risk factors for candidemia in neonates have been identified, little is known about the epidemiology of candidemia in NICUs. Numerous outbreaks of invasive Candida albicans infections in NICU patients have been described (5, 7, 10, 11, 21, 25, 30) . Several of the phenotypic methods used to type outbreak-related isolates have lacked adequate discriminatory power or reliability compared with genotypic typing methods (13) . Molecular biology-based typing of selected outbreak-related isolates has implicated contaminated syringe fluids (25) or cross infection from the hands of health care workers (5, 7, 21) as the source of infection. Few prospective studies have been performed to identify the source and modes of transmission of C. albicans in NICU patients, and few studies have used molecular biology-based typing methods to determine isolate relatedness.
It has been hypothesized that the acquisition of C. albicans by neonates occurs by two possible routes: by mother-neonate transmission or via environmental sources (cross contamination). In this investigation, C. albicans isolates from mothers and neonates were collected prospectively and were then examined by restriction enzyme analysis (REA) and hybridization with a digoxigenin-labeled CARE-2 probe to determine whether neonates acquired C. albicans perinatally from their mothers or postnatally from a nonmaternal source. Our data suggest that nonperinatal nosocomial transmission of C. albicans occurs in neonates.
(Part of this work was presented at the 91st General Meeting of the American Society for Microbiology, Dallas, Texas, 5 to 9 May 1991 [22] .)
MATERIALS AND METHODS
Epidemiologic surveillance. The investigation described here was approved by the Emory University School of Medicine Institutional Review Board. The study was conducted at Grady Memorial Hospital in Atlanta, Ga. Grady Memorial Hospital is a tertiary-care center in a county with a large population and has approximately 6,000 discharges annually. From 10 June to 23 June 1990, motherterm neonate pairs in which the neonate was delivered between 8:00 p.m. and 8:00 a.m. and all mother-preterm neonate pairs (24 h per day) were eligible for enrollment. Demographic information about the mothers and neonates was obtained by interviewing the mother and reviewing the infants' medical records. Oral and vaginal samples for culture were obtained from the mother within 24 h after delivery. Within 24 h of admission, samples from the oropharynx, umbilicus, groin, and intravenous site of the neonate were obtained for culture by using a premoistened cotton-tipped swab. Subsequently, samples for culture were obtained from the same four sites of the neonates weekly until the time of discharge or death (the last infant enrolled in the study exited the study on 1 November 1990).
Yeast strains and identification. The clinical samples were immediately inoculated onto Sabouraud dextrose agar (Difco Laboratories, Detroit, Mich.) and transported to the Centers for Disease Control and Prevention for the isolation of yeasts. The yeast isolates used in this investigation are listed in Table 1 , along with their sources. Yeasts were identified by using the API 20C (bioMerieux Vitek, Inc., Hazelwood, Mo.) assimilation tests, germ tube induction in serum at 37°C, and microscopic examination of cells grown on cornmeal agar, as described by Buckley (6) . Yeast stocks were maintained at 4°C on Sabouraud dextrose agar (Difco Laboratories).
Isolation of genomic DNA. All Candida sp. isolates were grown for 20 to 24 h at 28°C on a rotary shaker at 150 rpm in 10 ml of yeast peptone dextrose broth (14) in 50-ml flasks. The cells were harvested by centrifugation and washed once with sterile distilled water. Spheroplasts were then produced by the method of Scherer and Stevens (24) . Spheroplasts were lysed and genomic DNA was purified by repeated phenol-chloroform extractions as described previously by Mason et al. (18) .
REA. DNA concentrations were estimated spectrophotometrically from the A 260 /A 280 ratio and were digested with 10 U of EcoRI or ScaI (New England Biolabs, Beverly, Mass.) per g for 6 h at 37°C in the buffer solution recommended by the manufacturer. DNA fragments were separated on 0.7% (wt/vol) agarose (International Biotechnologies Inc., New Haven, Conn.) gels in Trisborate buffer (17) . Following electrophoresis, the agarose gels were stained with ethidium bromide and were photographed with Polaroid type 55 film.
Ethidium bromide-stained EcoRI restriction fragments were compared by using enlarged prints (5 by 7 in.) made from the negative image. DNA from C. albicans H317 was included on each gel to serve as a control standard. The enlarged prints were examined visually for differences or similarities of bands between isolates as described by Reagan et al. (20) . Following visual examination, each unique EcoRI DNA type was given a number from 1 to 19.
CARE-2 analysis. Restriction fragments were transferred to nitrocellulose filters (type BA85; Schleicher & Schuell, Inc., Keene, N.H.) as described by Maniatis et al. (17) . The CARE-2 DNA probe was labeled with digoxigenin as described in the Genius kit (Boehringer Mannheim Biochemicals, Indianapolis, Ind.). Conditions for hybridization, washing, signal detection, and photography have been described previously (14) . The restriction fragment length polymorphism (RFLP) patterns obtained with the CARE-2 probe (CARE-2 pattern) were detected by visual inspection of the filters. Then, each CARE-2 pattern was given a letter from A to AA.
RESULTS
Epidemiologic study. A total of 64 mother-neonate pairs were enrolled in the study. This included 57 term neonates (mean gestational age, 39 weeks; mean birth weight, 3,078 g) and 7 preterm neonates (mean gestational age, 29 weeks; mean birth weight, 1,093 g). No samples (0 of 256) from the infants were culture positive for C. albicans within 2 days of delivery. Samples from 34 of 64 (53%) mothers (a total of 50 of 128 [39%] samples from the mothers) were culture positive for C. albicans within 2 days of delivery. Twenty-six mothers were colonized orally, 18 were colonized vaginally, and 10 were colonized at both sites. Among the infants, a total of 30 of 256 samples were positive for fungi: 15 of 30 positive samples from six infants were positive for C. albicans. Four of these six infants had mothers who were culture positive for C. albicans within 2 days of delivery. The remaining 15 positive samples, obtained from eight different infants, were positive for either Candida parapsilsosis, Candida lusitaniae, or Candida glabrata; these isolates were not characterized further.
REA analysis. A total of 17 different EcoRI DNA types were found among the 46 C. albicans isolates (22 from mothers, 23 from neonates, and 1 reference strain [strain H317]). Different DNA types were observed among isolates from three of four mother-infant pairs. A single mother-infant pair (M1-B1) were colonized with isolates with identical EcoRI DNA types (Fig.  1A) . The EcoRI DNA types of serial C. albicans isolates ob- tained from serial samples from a given site from a patient were generally persistent; however, a different EcoRI type was observed for a later isolate obtained from the umbilicus from baby 3 (isolate U1 versus isolate U2 in baby B3). Two neonates (babies B4 and B6) acquired mixed yeast infections. Baby B4 was colonized with C. albicans and C. parapsilosis, whereas baby B6 was colonized with C. albicans and C. glabrata. Baby B6 became colonized with C. albicans after birth and subsequently developed candidemia. Invasive candidiasis was documented at autopsy. The C. albicans isolates colonizing baby B6 and infecting that baby's bloodstream were identical (i.e., EcoRI DNA type 8).
When we analyzed by their EcoRI patterns the isolates obtained from 10 mothers from whom clinical samples from two different body sites, i.e., the vagina and the mouth, were culture positive, 6 mothers were found to be colonized with identical C. albicans strains and 4 mothers were found to harbor nonidentical C. albicans strains at the two different body sites (Table 1) .
Analysis with the CARE-2 probe. The degree of relatedness among our panel of C. albicans isolates was also determined by analyzing the RFLP patterns obtained with the CARE-2 probe (CARE-2 patterns) since this C. albicans-specific multiplegene-family probe was previously shown to be highly polymorphic (14, 16) . A total of 27 different CARE-2 patterns were observed, and these are listed in Table 1 . Surprisingly, the isolates from EcoRI-digested samples from all four motherinfant pairs had nonidentical CARE-2 patterns (Fig. 1B) . The nonidentical CARE-2 patterns between isolates from the mothers and the infants were confirmed by hybridization of the CARE-2 probe to ScaI-digested samples (Fig. 2) . Interestingly, the isolates from babies B4 and B5, who were in the NICU at the same time, were observed to have identical CARE-2 patterns ( Fig. 1B and 2 ). The CARE-2 banding patterns of isolates obtained from the blood and several colonizing sites from baby B6, who developed invasive candidiasis and died, were identical ( Fig. 1B and 2) . Analysis of the CARE-2 patterns for isolates from 10 mothers who were colonized at two different body sites showed that for 7 mothers the isolates from the different sites had nonidentical CARE-2 patterns (Fig. 3 and Table 1 ).
DISCUSSION
Despite an increase in systemic Candida sp. infections observed in neonates, few prospective studies have evaluated by molecular biology-based epidemiologic methods either the source or the mode of transmission. By using two different typing methods, we demonstrated that all maternal and neonatal colonizing strains were nonidentical; thus, colonization of neonates with C. albicans occurred primarily after delivery in this particular NICU. Nonperinatal nosocomial transmission of C. albicans suggests that the route of transmission is primarily from nonmaternal sources, possibly via cross contamination of the hands of health care workers or parents. Determination This study reemphasizes why it is important for health care workers to wash their hands and follow other infection control procedures to prevent the nosocomial transmission of pathogens in the NICU environment. An endogenous source of candidemia has been suggested in an outbreak of candidemia in an NICU (20) . Our findings differ from those of WaggonerFountain et al. (31) , who observed the same DNA types among three of four isolates from mothers and infants by REA of genomic DNA and electrophoretic karyotype analysis. The differences in the mode of transmission observed between these two groups of investigators may be due in part to differences in typing methods, the sites from which samples were obtained, patient enrollment, patient demographics, infection control practices, and sample size. These differences demonstrate two different modes of acquisition of yeast colonization in the NICU: maternal transmission (vertical transmission) and nonperinatal nosocomial transmission (horizontal transmission). In our study, an environmental source of transmission in the NICU was also suggested, since the organisms colonizing babies B4 and B5 (C. parapsilosis and T. glabrata, respectively) were not consistent with the species colonizing the respective mothers. This is consistent with a previous outbreak of C. parapsilosis in an NICU caused by cross infection (23) .
Another important observation from this investigation concerns different strains isolated from different body sites from 7 of the 10 mothers analyzed. Different strains at different body locations of the same person were observed previously (27, 28) , indicating a more complex pattern of carriage than was originally hypothesized. This finding further complicates the assessment of sources and modes of transmission and indicates that samples from multiple sites may need to be cultured and that multiple strains from one person may need to be genotyped.
One neonate colonized with a C. albicans isolate after birth developed candidemia, and invasive candidiasis was documented at autopsy. Examination of the EcoRI and CARE-2 patterns of the isolate from this infant demonstrated identical patterns for the colonizing and bloodstream isolates, indicating that the colonizing strain was the source of the invasive disease. For the majority of patients, we observed that serial isolates had identical DNA types according to their CARE-2 patterns. However, for one infant, baby B3, we found that two different strains colonized the umbilicus. Strains with different DNA types at the same site may be due either to strain replacement or to the coexistence of multiple strains at the site of infection.
Interestingly, two infants, babies B4 and B5, were colonized with the same strain, as demonstrated by identical EcoRI and CARE-2 patterns, yet the colonizing strains differed from the strains from their mothers. Since both babies occupied the same NICU quadrant at the same time, this is further evidence supporting the horizontal transmission of C. albicans in this NICU. Nosocomial transmission of Candida by cross contamination or via common contaminated sources has been reported previously (5, 7, 21, 25) .
Analysis of the CARE-2 patterns better discriminated among isolates of C. albicans than REA with EcoRI. For instance, we identified 27 different CARE-2 patterns but only 17 different patterns by REA with EcoRI. The higher degree of discrimination is due to the ability of CARE-2 to discriminate among isolates with the same EcoRI DNA types. A high degree of discrimination of strains of C. albicans according to the CARE-2 patterns was also observed by Lockhart et al. (16) .
Our data indicate that postnatal acquisition of C. albicans by neonates more commonly occurs by transmission in NICUs than by transmission from mothers to their infants. Thus, rather than focusing on methods of identifying pregnant women with vaginal C. albicans colonization and instituting prevention interventions to interrupt the transmission to their infants during delivery, our infection control interventions should focus on high-risk neonates and on hand washing by health care workers.
In summary, our data demonstrate that (i) the predominant mode of acquisition of C. albicans in the NICU is by nonperi -FIG. 2 . Hybridization of ScaI-digested genomic DNA with the CARE-2 probe. Lanes are labeled M1 to M4 for each of four mothers, respectively, and B1 to B6 for each of six neonates, respectively; the symbols in parentheses denote sample sites: B, blood; M, mouth; G, groin; U, umbilicus; and V, vagina. Bacteriophage lambda DNA digested with HindIII was used as a molecular size marker, and the molecular sizes are indicated on the right. natal nosocomial transmission rather than by mother-infant transmission, (ii) the colonizing strain may be the source of invasive disease, and (iii) mothers and babies may be colonized with more than one strain at different body sites. These data demonstrate the utility of molecular biology-based typing methods for enhancing our understanding of the epidemiology of nosocomial C. albicans infections. These methods, including the application of REA and RFLP analysis with the CARE-2 gene probe, will undoubtedly be useful for further defining risk factors for invasive diseases, identifying potentially virulent strains, and developing and assessing interventions that will prevent transmission.
